ABSTRACT Haploinsufficiency of Gata3 causes hypoparathyroidism, deafness and renal dysplasia (HDR) syndrome in mice and humans. Gata3 null mutation leads to early lethality around embryonic day (E)11.5, but catecholamine precursor administration can rescue Gata3 null mutants to E16.5. At E11.5, GATA3 deficiency results in the development of an empty otocyst with an endolymphatic duct. However, using rescued mice we found that some morphogenesis and neurosensory development is possible in the ear without Gata3. Extending previous studies, we find that at E16.5, Gata3 mutant inner ears can undergo partial morphogenesis and develop an endolymphatic duct, a utricular and saccular recess, and a shortened cochlear duct. In addition to the obvious morphogenic aberrations, these studies demonstrate that a subset of neurons develop and connect a fragmented sensory patch of MYO7A-positive hair cells to the vestibular nuclei of the brainstem. In situ hybridization studies reveal altered expression of several transcription factors relevant to ear development and we hypothesize that this may relate to the observed dysmorphia and restricted neurosensory development. While a cochlear duct can form, there is no concurrent cochlear neurosensory development, observations consistent with specific hearing defects encountered by HDR patients and mice with Gata3-associated expression alterations. Gata3 null mutant phenocopies the otic maldevelopment (cochlear duct formation in the absence of neurosensory development) seen in Foxg1cre mediated conditional deletion of microRNA processing enzyme, Dicer1. Finally, while GATA3 is expressed in the developing vestibulocochlear efferent (VCE) neurons, and its absence in the null mutants disrupts VCE projections to the ear, loss of GATA3 does not affect VCE progenitor cell migration.
Introduction
The inner ear starts as the otic placode, a thickening of ectoderm adjacent to the hindbrain. The otic placode invaginates to form a vesicle that undergoes morphogenesis and histologic differentiation to become a membranous labyrinth housing the five vestibular sensory epithelia, the organ of Corti, and their connecting neurons. Targeted mutations of genes in the mouse have now identified many genes necessary for inner ear development. However, several of these genes have syndromic effects resulting in early embryonic lethality, preventing the study of their role in the late development of the inner ear, including the zinc finger protein GATA3.
The GATA family of transcription factors binds to the DNA sequence, A/T GATA A/G, in eukaryotes. Of the six mammalian GATA proteins, only GATA2 and GATA3 are expressed in the central nervous system and inner ear (Nardelli et al., 1999) . GATA3 is also involved in the development of the nephric duct (Grote et al., 2006) , trophoblast (Ma et al., 1997) , sympathetic nervous system (Lim et al., 2000) , lens (Maeda et al., 2009) , mammary luminal cells (Asselin-Labat, 2007) , skin and hair cells (Kaufman et al., 2003) , and T lymphocytes (reviewed in Ranganath and Murphy, 2001 ). GATA3 in humans has also been linked to breast cancer invasiveness (Fang et al., 2009) . Mice heterozygous for Gata3 survive until adulthood but suffer from hearing loss (van der Wees et al., 2004) . Likewise, humans heterozygous for GATA3 mutations resulting in a non-functional protein suffer from the congenital disorder Hypoparathyroidism, sensorineural Deafness and Renal dysplasia (HDR) syndrome (Van Esch et al., 2000) . Additionally, GATA3 gene duplication can result in HDR syndrome (Bernardini et al., 2009) indicating that a precise level of GATA3 protein is required for the development of multiple systems, including the ear.
Gata3 is one of a few genes expressed broadly in the otic placode as early as embryonic day 8 [E8] (Lawoko-Kerali et al., 2004) . By E10.5 its expression is restricted to nearly all prosensory regions, except the future saccular area (Karis et al., 2001) . Gata3 expression remains in sensory and non-sensory cells of all epithelia except the saccule until E18.5 where it becomes restricted in the vestibular epithelia to the cruciate eminence, and striola of the utricle (Karis et al., 2001) . Expression of Gata3 throughout the organ of Corti remains long-term (van der Wees et al., 2004) . GATA3 has been detected in the developing spiral ganglion neurons at E10.5 (Lawoko-Kerali et al., 2004) , and Gata3 mRNA persists in these neurons throughout adulthood (van der Wees et al., 2004) . In addition to its expression in the inner ear, Gata3 is also expressed in the vestibulo-cochlear efferent (VCE) neurons. VCE cell bodies are located in rhombomere 4 of the hindbrain, and Gata3 with Gata2 are the earliest known genes to be differentially expressed in the VCEs and not in the adjacent facial branchial motoneurons (FBM); out of which VCEs seem to develop (reviewed in, Simmons et al., 2011) .
Previous work on Gata3-deficient mice showed that the inner ear halted development at the level of an empty otocyst with the endolymphatic duct being the only discernable structure (Karis et al., 2001) . However, early embryonic lethality around E11-12 hampered investigations into the effects of Gata3 loss-of-function mutation on later inner ear development, including its effect on neurosensory development and morphogenesis. Feeding pregnant dams catecholamine intermediates allows the embryos to survive until E16.5 and rarely until E18.5 (Lim et al., 2000) . We show here that these later stage Gata3 null embryos develop inner ears beyond the previously reported empty vesicle, forming a superior division with sensory hair cells, and a cochlear duct. Neurons also form that extend processes to the vestibular nuclei of the hindbrain. In contrast, the cochlea is devoid of innervation and hair cell formation. The VCE population of Gata3-deficient embryos exhibit normal cell body migration, but altered axonal projection. The complete absence of GATA3 is thus compatible with rudimentary vestibular morphogenesis and neurosensory development, but GATA3 is required for cochlear neurosensory development.
Results

Inner ear formation
We present here data on Gata3 null mice which have been rescued to a later embryonic stage (E16.5) than previously described, by giving pregnant dams catecholamine intermediates. The most developed ears ( Fig. 1 ) had a cochlear duct forming a finger-like postero-ventral extension, in addition to structures that we tentatively label as a saccular and utricular recess. Multiple patches of sensory epithelium with MYO7A-positive hair cells were only found in the saccular recess (Fig.  1A' ), identified based on its connection to the cochlea via a ductus reuniens, and the origin of the endolymphatic duct (Fig. 1C) . The saccular macula was innervated as seen by tubulin staining (Fig.  1A) . Additional isolated hair cells were scattered throughout the malformed saccular recess (Fig. 1A' ). These hair cells had stereocilia projecting into the lumen, and were innervated (Fig. 1B-B'' ). There was no indication of innervation or hair cell formation in the cochlear duct (Fig. 1A'' ). As a comparison we have also 3D reconstructed the inner ear from an E15.5 Dicer1 conditional knockout using Foxg1cre. This is the only other known mutation to completely eliminate cochlear neurosensory development while (Fig. 1D , Kersigo et al., 2011) . There is another mutant the Sox2 LCC mouse that displays loss of all cochlear sensory epithelia, but has not been fully investigated with respect to innervation (Kiernan et al., 2005) . We also examined some of the genes known to be necessary for inner ear neurosensory development as well as morphogenesis beyond those previously described (Lillevali et al., 2006) . Previous work showed that Neurod1 is expressed in the differentiating inner ear afferent neurons (Jahan et al., 2010) . Without Gata3 some Neurod1-positive cells formed. However, their location was ventro-anterior to the smaller otocyst, and not anterior halfway between dorsal and ventral as in the wild-type embryo (compare Fig. 2A with Fig. 2A' ). These cells most likely represent the remaining vestibular neurons giving rise to afferent connections as traced in later stages (Fig. 3D ). Fgf10 has previously been shown to be expressed in all three canal cristae, anterior cochlear anlagen and sensory neurons (Pauley et al., 2003) . Previous studies have shown that in the absence of GATA3 there is a complete lack of Fgf10 expression in the otic vesicle at E9.5, and by E11.5 there is reduced expression (Lillevali et al., 2006) . Our in situ data demonstrate that Fgf10 was expressed at E12.5 in Gata3 null embryos in the ear and vestibular ganglia. However, there was no detectible expression in the presumptive canal cristae as seen in wild-type embryos (compare Fig. 2B with Fig.  2B') . Moreover, the presumptive cochlear expression was less distinctly organized compared to wild-type embryos. Lmx1a is expressed in the otic placode and necessary for segregation of sensory epithelia (Nichols et al., 2008) . In the absence of GATA3, Lmx1a was expressed in the endolymphatic duct but showed diffuse expression in the remaining ear (Fig. 2C' ). This is in contrast to the wild-type ear where the concentrated expression in the lateral wall of the cochlea was previously described ( Fig.   2C ; (Nichols et al., 2008) . Pax2 is initially expressed in the nonsensory areas of the cochlear duct and later in development in hair cells (Bouchard et al., 2010) . In the Gata3 mutants there was a high level of Pax2 expression in the dorsal inner ear with a gradient toward diminished expression ventrally (Fig. 2D' ). This was in contrast to the high level of expression in the lateral cochlear duct of wild-type embryos (Fig. 2D ). Closer examination revealed that this ventral reduction in expression of Pax2 in the Gata3 null mutant may be related to cell death in this area as revealed with PSVue staining (compare Fig. 2D '' with Fig. 2D '''), which marks degenerating cells in the ear and elsewhere . In wild-type embryos, Sox2 was expressed throughout the cochlear duct, most prominently in the ventral tip (Fig. 2E ). In the Gata3 null ear, there was a lack of ventral Sox2 expression while the dorsal region below the endolymphatic duct was Sox2-positive ( Fig. 2E' ). These changes indicate that expression of these genes is altered, thus disrupting the coordinated expression of patterning genes needed for normal ear development.
Inner ear afferent development
Lipophilic dye tracing from the brainstem to the ear showed afferents projecting to only a single vestibular epithelium of the ear (Fig. 3D,E) . From this tracing, we were able to identify the presence of a vestibular ganglion (Fig. 3F ). Lipophilic dye tracing from the ear to the brainstem also labeled facial branchial motoneurons (FBM) as the facial nerve tightly wraps around the small ear of the Gata3 mutant, vestibulo-cochlear efferents (VCEs), afferent fibers to the vestibular nuclei, and fibers to the solitary tract were inadvertently labeled in addition (Fig. 4) . In the wildtype embryo, we traced vestibular afferents through the superior vestibular nucleus, and via the inferior cerebellar peduncle, into the cerebellar anlage (Fig. 4A ). These vestibular afferents will 
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terminate later in the granular layer of the nodule and the caudal part of the uvula of the vermis (Maklad et al., 2010) . In the Gata3 mutant, only a single fiber could be traced into the cerebellar anlage at this early stage (Fig. 4D , white arrow). Several Gata3 null mutants showed no labeling to or from the ear, indicating variability in the mutant phenotype (data not shown).
Vestibulo-cochlear efferent nerve development
The VCEs are a unique population of hindbrain motor neurons that project to the inner ear and seem to have obtained access to the otic hair cells after the otic vesicle evolved (reviewed in, Simmons et al., 2011) . These neurons are thought to regulate the intensity of sound reaching the brain by modulating the outer hair cells and inner hair cell afferents (Guinan and Stankovic, 1996) . VCEs are the only efferent neurons to arise from rhombomere 4 and project contralaterally. The VCEs express GATA3, and project normally in Gata3 heterozygotes (Karis et al., 2001) . It was hypothesized (Karis et al., 2001 ) that the VCEs may project with the facial nerve in the absence of GATA3. Due to the course of the facial nerve around the inner ear we could label simultaneously both the VCEs and the facial nerve and could analyze their distribution in the hindbrain (Fig. 4) . Gata3 is not expressed in the facial branchial motoneuron (FBM) population at any age (Karis et al., 2001) , and loss of GATA3 does not affect FBM migration (compare Fig. 4A with Fig. 4D ). The contralateral VCE projection in Gata3 null mutant mice was reduced (compare Fig. 4B ,C with Fig. 4E,F) . The peripheral projection of contralateral VCEs was disrupted, with only a few fibers reaching the contralateral ear. However, most contralateral fibers were projecting along the facial and greater petrosal nerves (Fig. 3B,C) as compared to normal efferent and facial projection patterns (Fig. 3A) .
We also examined cell body migration of VCE in the hindbrain in these later stage embryos using in situ hybridization for well characterized markers of VCEs (Simmons et al., 2011) . Using probes for Fgf10 and Unc5c (Fig. 4 H,I ), we found no obvious change in the cell body distribution (compare with Fig. 4G ).
Discussion
The present study expands previous work (Karis et al., 2001 , Lillevali et al., 2006 and assessed for the first time the phenotype of the inner ear and its innervation in the absence of Gata3 at later embryonic stages than have been previously characterized. Our data confirm previous findings that there is variability between and within animals in the development of the Gata3 null inner ear (Karis et al., 2001 , Lillevali et al., 2006 . However, we show here that the inner ear can develop much further in the absence of GATA3 than previously thought. Our data demonstrate that sensory hair cells form in some Gata3 null mice, and aggregate in a single recess that we tentatively identified as the saccular recess, an assumption based on the fact that the saccule is the only area of the developing ear that does not show GATA3 expression (Karis et al., 2001) . As in wild-type littermates, a ductus reuniens and endolymphatic duct can be identified in the Gata3 null mutants. Some hair cells form in the absence of Gata3 in the ear and are innervated by the remaining ganglia that project to the vestibular nuclei. The saccule normally does not express Gata3 (Karis et al., 2001 ) and formation of a saccule in the Gata3 null mice is consistent with the former observation: no Gata3 expression, no effect of loss of Gata3. In contrast, the postero-ventral duct, which we identified as the Despite the formation of two vestibular and one cochlear recess, there is no semicircular canal formation in the Gata3 null mutants. The absence of canal formation may be due in part to the regulation of Fgf10 by GATA3 (Lillevali et al., 2006) , but the phenotype is more severe than that of Fgf10 null mice (Pauley et al., 2003) . Thus, GATA3 must be interacting with other factors needed for canal formation that remain to be determined. Some candidate genes could be Bmp4, Jag1, Lmo4, Lmx1a, and Foxg1 because of their known or suspected function in canal development (Nichols et al., 2008) . We suspect that the early widespread expression in the growing canal plate and not the later limited expression in the cruciate eminence (Karis et al., 2001 ) is responsible for the absence of canal formation.
The altered expression of some known genes involved in ear morphogenesis could be due to the immediate loss of GATA3, or a consequence of morphogenetic defects. Because the ears of Gata3 null mice are substantially smaller in size than that of their wild-type counterparts, this could cause altered expression of genes dependent upon gradients of various diffusible factors recognized for their role in ear development (Ohyama et al., 2007) . Decreased expression in the ventral portion of the ear where the cochlear out pouching occurs in the Gata3 mutants could be attributed to increased cell death (Fig. 2D''' ).
The presence of some vestibular afferent neurons in the Gata3 null ear indicates that at least a subpopulation of vestibular neurons is not dependent on GATA3 for their differentiation or projection to the ear or brain. However, once they do project to the brain, only a subpopulation of the existing vestibular afferents develop processes to the cerebellum. This is in keeping with the hypothesis that GATA3 may play a role in providing axon guidance cues as well as segregating cochlear afferents from vestibular afferents (Karis et al., 2001) .
A cochlear duct and partially missing cochlear hair cells have been described in Sox2, Fgfr1, Fgfr2b, and Dicer1 null mutants (reviewed in, Fritzsch et al., 2011) . Apparently, the magnitude of loss of hair cells in the conditional deletion of Dicer1 depends on the cre driver and Foxg1cre mediated loss results in a more severe phenotype with a single remaining epithelium left in the vestibular part and an empty duct . However, to our knowledge our data provide the first information that a transcription factor mutant can display absence of hair cell and neuronal formation in the cochlea in conjunction with cochlear duct growth. In Drosophila the GATA3 ortholog Pnr competes with a limhomeodomain factor for binding with another factor, Chip, and this regulated binding is necessary for proper function (Ramain et al., 2000) . Lim-homeodomain factors are known to repress expression of Sox2. The same regulatory network could be occurring in the ear, however, to date the binding partners of GATA3 in the ear have not been elucidated. Some of the down-stream genes have been looked at in an inner ear specific immortal cell line (Milo et al., 2009 ). This study found many genes effected by GATA3 to be part of the insulin like growth factor signaling cascade. In addition, they found that CDKN1b (P27 kip1 ) to be downregulated when Gata3 was knocked-down. CDKN1b is known to move organ of Corti progenitor cells out of the cell cycle, and its downregulation causes additional rounds of cell division. Our data support the previous findings that in the absence of GATA3, VCEs are reduced in their projection across the midline and fail to target the ear, thus adding to the growing body of evidence that GATA3 facilitates neuronal guidance across phyla. For example, another Drosophila GATA3 ortholog Grn appears to be necessary for the specification of a subset of neurons in the fly as well as necessary for their correct guidance (Garces and Thor, 2006) . However, we show here that these neurons are not absent or fail to migrate their soma to the correct location in the hindbrain, indicating that GATA3 is not essential for these aspects of neuronal development of VCEs. In order to ascertain whether loss of GATA3 in the VCEs is causing the mis-projection or if this is due to the absence of afferents such as in the Neurog1 null mice (Ma et al., 1998) , a conditional deletion of Gata3 in either the ear or the brainstem is needed to discriminate between cell autonomous VCE effects from the effects mediated by their guidance along afferents, lost or reduced in Gata3 null mice.
Materials and Methods
Mice
The generation and characterization of Gata3 knockout heterozygous (Gata3+/-) mice has been previously reported (Pandolfi et al., 1995) . Gata3+/-animals (CD1 outbred) were intercrossed and the dams were given ad libitum drinking water containing catechol intermediates, as described previously (Kaufman et al., 2003 , Lim et al., 2000 . How catechol intermediates work to prevent premature death is still not clear, but is thought to relate to retention of some brainstem reticular function essential for homeostasis (Lim et al., 2000) . It has been shown that this treatment does not have any effect on ear development (Maison et al., 2010) . Noon on the day of vaginal plug visualization was deemed E0.5. Embryos from timed pregnancies were fixed in 4% paraformaldehyde (PFA). Yolk sacs were collected for PCR genotyping as previously described (Pandolfi et al., 1995) .
35 embryos were examined in this study; 13 were of Gata3-/-genotype. Dicer1 conditional mouse generation, breeding, and genotyping was performed as previously reported . Animal treatment was approved by the University of Michigan IACUC (Approval 8611) and University of Iowa IACUC (ACURF 0804066).
Neuronal tracing
Inner ear innervation was labeled with lipophylic (NeuroVue) dyes (Molecular Targeting Technologies; MTTI). These dyes were placed into specific areas for selective labeling of nerve fibers as shown in . Dyes were placed into the cerebellum and caudal hindbrain for selective labeling of vestibulo-cerebellar and vestibulo-spinal nerves as described (Maklad et al., 2010) . Dye was placed in the contralateral or ipsilateral rhombomere 4 for pure contralateral vestibulo-cochlear efferent or combined vestibulo-cochlear efferent and facial nerve, respectively. Dye was also placed into the ear to label vestibulo-cochlear efferent, facial, and vestibulo-cochlear afferent projections to the brainstem. The preparations were then incubated in 4% PFA at 36 degrees for 2-4 days depending on the age of the embryos. After dye diffusion either the hindbrain or ear was dissected out, placed on a glass slide with glycerol and a cover slip on top to be imaged using a confocal microscope.
Cell labeling
Hair cells were labeled using MYO7A antibodies 1:500 dilution (Proteus Biosciences) and nerve fibers were labeled using acetylated -tubulin antibodies 1:800 dilution (Sigma) as previously described . Secondary antibodies (Sigma) were conjugated to either Alexa 543, or 648; 1:500 dilution. Nuclei were stained with Hoechst dye (Polysciences, Inc.; 1:2000 in PBS for 2 hours), rinsed briefly in PBS and imaged. Apoptotic cells were labeled with PSVue (Molecular Targeting Technologies; MTTI) as in . Briefly, ears were rinsed in PBS for 10 min followed by staining with PSVue, 1 m diluted in PBS, for 45 minutes. Ears were then rinsed in PBS for 3 hours and imaged.
In situ hybridization
In situ hybridization was performed as shown in ) using an RNA probe labeled with digoxigenin. The plasmids containing the cDNAs were used to generate the RNA probe by in vitro transcription. Dissected ears were dehydrated in 100% methanol, rehydrated in a graded methanol series, and digested briefly with 20 mg/ml of Proteinase K (Ambion, Austin, TX, USA) for 12 min. Then the samples were hybridized overnight at 60 C to the riboprobe in hybridization solution containing 50% (v/v) formamide, 50% (v/v) saline sodium citrate and 6% (w/v) dextran sulphate. After washing off the unbound probe, the samples were incubated overnight with an anti-digoxigenin antibody conjugated with alkaline phosphatase (Roche Diagnostics GmbH, Mannheim, Germany). After a series of washes, the samples were reacted with nitroblue phosphate/5-bromo, 4-chloro, 3-indolil phosphate (BM purple substrate, Roche Diagnostics GmbH, Mannheim, Germany), which is enzymatically converted to a purple colored product. The ears were mounted flat in glycerol and viewed in a Nikon Eclipse 800 microscope using differential interference contrast microscopy, and images were captured with Metamorph software.
Imaging
For both immunohistochemistry and lipophilic dye tracing the inner ear or brain was dissected and flat mounted on a slide and covered with glycerol and a coverslip for confocal imaging. Imaging was performed using either Leica TCS SP5 or Leica SPE confocal systems using appropriate filter settings. Images were obtained using the Leica AF software and analyzed using CorelDraw.
3D reconstruction
Ears were stained with Hoechst dye and imaged on a Leica SP5 confocal microscope as described above. The z-stack for each ear was loaded into Amira software (Visage Imaging, San Diego, CA.) for 3D reconstruction. To isolate the different inner ear structures segmentation was performed using Amira's segmentation function. This was accomplished by outlining the borders of each structure (visualized by the Hoechst's stain) in every section within the stack. After segmentation, Amira calculated the surface volume and reconstructed the 3D shape of the inner ear.
